US009178685B1

a2 United States Patent 10) Patent No.: US 9,178,685 B1
Shen et al. (45) Date of Patent: Nov. 3, 2015
(54) TECHNIQUES TO DETERMINE SIGNAL 8,334,716 Bl ~ 12/2012 Davidson etal.
TIMING 8,552,740 B2  10/2013 Cheung et al.
2007/0217559 Al*  9/2007 Stott .......cc.c.... G11C 7/1051
(71) Applicant: Altera Corporation, San Jose, CA (US) 375/355
2009/0146640 Al™*  6/2009 NOSE ...cccovevververcnnnns GOIR 25/00
(72) Inventors: Jie Shen, Fremont, CA (US); David W. 324/76.77
Mendel, Sunnyvale, CA (US) 2012/0230135 AL*  9/2012 Lin oo HO3L 7/0812
’ ’ 365/194
(73) Assignee: Altera Corporation, San Jose, CA (US) 2012/0242385 Al* 9/2012 Tokuhiro ........... GOG6F 13/1689
. . . . . 327/158
(*) Notice:  Subject to any disclaimer, the term of this 2014/0139277 Al* 52014 Subramanian ....... HO3L 7/0812
patent is extended or adjusted under 35 327/158
U.S.C. 154(b) by 202 days. 2014/0320181 AL* 10/2014 Mitfic ..ooovvvrvrereeee HO3L 7/10
(21) Appl. No.: 14/142,546 3271136
ppl. No.: s
. OTHER PUBLICATIONS
(22) Filed: Dec. 27,2013
“Common Public Radio Interface (CPRI); Interface Specification,”
(51) Int.CL CPRI Specification V5.0 (Sep. 21, 2011), pp. 1-119.
GOIR 25/00 (2006.01) U.S. Appl. No. 13/329,188, filed Dec. 16, 2011.
HO4L 7/00 (2006.01)
(52) US.CL * cited by examiner
C.PC .............. s HO4L 7/0037 (2013.01) Primary Examiner — Arleen M Vazquez
(58) Field of Classification Search Assistant E . st Veni
CPC ... GOIR 25/00; HO4L 7/0033; HO4L 7/0037; ssisiant Lxaminer — SIEVEN Yeninas )
HO4L, 7/0041 (74) Attorney, Agent, or Firm — Steven J. Cahill
USPC ............. 324/76.77,76.52, 76.54; 326/93-98,;
327/149, 141, 144, 147, 156, 158~ 1) ABSTRACT
See application file for complete search history. A measurement circuit includes a phase detection circuit and
delay circuitry. The phase detection circuit compares a first
(56) References Cited signal to a second signal to generate a first phase difference
when the delay circuitry generates the second signal based on
U.S. PATENT DOCUMENTS the first signal. The phase detection circuit compares the first
. signal to the second signal to generate a second phase differ-
4451782 A * 5/1984 Ashida ..o Gglzﬁ/%/ %g ence when the delay circuitry generates the second signal
6.859.027 B2*  2/2005 Li HO3D 13/004 based on a third signal provided to a signal network. The
CUTeTm mE e e 324/76.52 measurement circuit determines a delay of the signal network
6,954,913 B2  10/2005 Gauthier et al. based on the first and second phase differences.
1954, p
7,557,561 B2* 7/2009 Awaji .......cccco. GOIR 31/3016
324/76.52 21 Claims, 7 Drawing Sheets

216
202
2
r cB4 06
1 Signal Netvork
CB2
200
......................................................................................... Yt
: S1 221 222 223
| T Y o 2o o
: § 212 : ' 231 : ! 233 : | 235 :
_ﬁm: CAS ! :CA4:)/|:CASE)/I:CA2E)/I: A
: o KI - | : : | : ; |
b . B : N : ; : | ;
: CC1 .t . CC2 . CC3 ' GC4 Phase | YC | Control
— : -I/QZ I/@ o c Detection Circuit
74 E 213: G : R I k 240 k242 .
[o7= 5 T :




US 9,178,685 B1

Sheet 1 of 7

Nov. 3, 2015

U.S. Patent

VI Old

€l

¢

cll
M

L

Y

Fowm

10 N\ 1o N\ 0 N IMT1D
— 4 < <
90—0 45 O 435 O U5 O a =G V/_
go1 b ogor/ vo~/ sor—/ 201 Hd
¢ uoibay 2 uoibay | uoibay



US 9,178,685 B1

Sheet 2 of 7

Nov. 3, 2015

U.S. Patent

oWl -

dl "©Old

Gr =1

er =1

v =1

J -

or =1

. _ 1200,
ge=1 S<_ Ge=1} 5l =1 5=1
N exo
.
€e=1 €2=1 ~._ €b=1 €£=1
n eM10
‘/
ce=1 ¢c=1 cl=1 c=1
/‘_ IMTO
0g=1 0¢ =1 oL = 0=1



US 9,178,685 B1

Sheet 3 of 7

Nov. 3, 2015

U.S. Patent

¢ 9lId

: Loz~

s
zve vz e SO

A A ! 9g2 ; ' peT : 1282 : €le

unouIY uonosleq \.o “\\_" mxu mxm
lonuod [Ha | @seud v00 | /_ + €00 ! /_ v 200 ! /_ . 10D

n " : ; : : g
v “ ; ; " } SVD
IO :
e
00z
/ 4l
G YlomoN [eubis
va0
90z -

91z




US 9,178,685 B1

Sheet 4 of 7

Nov. 3, 2015

U.S. Patent

€ 'Old

"190 [eubis 0} aAle|a4 2g0 [eubis
01 sepinoid z0z Yiom18u [eubis 1ey] sousiayIp
aseyd sy suiisiep 0} ggo |eubis jo sseyd
oyl woly 1 g0 [eubis Jo aseyd ay; 10e0gns

S0¢€ ~

290 [eufis Jo sseyd sy sulwiL(

¥0€ -

190 eubis jo sseyd sy sienoe)

mom\\

'9€¢ PUB ‘$€2 ‘2ET ‘Sl Sunodo ybnoayy
7) 8pOU 0} (0 8pOU WY} AB|ap Byl 8INSeay

Nomk

‘€ge-lee
pue LLzg Sund2Jio ybnoiyy g apou BIA 9 spou
01y @pou woiy Aejgp diuy punol ay) 8Insesiy

Fom\\



US 9,178,685 B1

Sheet S of 7

Nov. 3, 2015

U.S. Patent

................................ . €40
. r r 14D
¥ 'Ol4 el
ﬂ : mmq/. H ggy & 3
L9v _z v40 YHOmIsN [euBIS €49 : ﬁmw 25y
v Z10 —— 440 : F Zop
ﬂ sov~/ : :
L0¥ 999 ; :
: m £
: . 130 3
L r ERN siomieN [eubis —¢€30 X
77 Yz90 — 30 . :
yor ‘ + 3
90y m :
: LS
4
oqu :
R I T U : 190
N 072~ o i9e : e~ | L€~ 4 .&N.J\_.\ :
| oo o | (017 2 L : g
: lonuod DA | ©seud [v¥DD ¢ /_ ' €00 . ' 220 . /_ :
NN N 1
: Vo . " 2v0 . T EVO © i
: v e L poohoe
: VO : sez A e :
m P A AT A m
4 _ }omoN [eubig l
za0 | — : |
202
\-90¢



US 9,178,685 B1

Sheet 6 of 7

Nov. 3, 2015

U.S. Patent

80§

HnoaD Aowsy

L X J
L X J
L X J
L X ]
L X J

Ll ‘ [ 111
H H_ sav1 EEETAE o B savl_ | s3ol |

sav1 [ H{ sdvi |} S30I |
[ T [T [ T ]
[ savi_] [ S8Vl }— =301 |
[ T T T | 11|
[ sav1l | SavV 1 S30I
[ [ [ [ ]
av 1 [ S9v1 |—_S301 ]
[ 1 [ T ]
[ savil ] SHY 1 5301
[ T T T
[ savil ] av1 5301
HEEN
[ savil ] SV 1 S30I
[ T [T
= sav 1 [ ] Sav 1 S30I
[ savi - H{ savi | S3ol |
[ T [T [ T ]
[ savi - H Savl 14 s301 |
[ [ [T [ T ]
[ savil ] av 1 5301
HEEN
— savi [ ] SaV 1 O
[ savil ] SHV 1 E[e]]
[ T [T
[ savil ] Sav1 301
[ T[T
[ savi | H savi - s301 |
[ T T T [ T ]
[ savi H H Sgvl }— s301 |
EEEN [T 1]
| S301 ] | S301 | 216
¥0S 20s



US 9,178,685 B1

Sheet 7 of 7

Nov. 3, 2015

U.S. Patent

909

009

9 DI
o/l AHOWIN

tANe]

( \oro m

g S — j

— —

I

" |

N

v9d 1INN
ONISSIDOHd

<09

709



US 9,178,685 B1

1

TECHNIQUES TO DETERMINE SIGNAL
TIMING

FIELD OF THE DISCLOSURE

The present disclosure relates to electronic circuits, and
more particularly, to techniques for determining signal tim-
ing.

BACKGROUND

Many communication standards require high accuracy for
the transmission of information from one device to another
device. For example, the Common Public Radio Interface
(CPRI) 5.0 standard has a round trip delay accuracy require-
ment for transmitting information between a radio base sta-
tion and a remote radio unit of about 16 nanoseconds, exclud-
ing the round trip group delay on the transmission medium.
High accuracy transmission of time information is used by
many applications. As an example, the IEEE 1588 standards
have accuracy requirements for transmitting time informa-
tion from one device to another device in the range of 1
millisecond to sub-nanosecond.

BRIEF SUMMARY

According to some embodiments, a measurement circuit
includes a phase detection circuit and delay circuitry. The
phase detection circuit compares a first signal to a second
signal to generate a first phase difference when the delay
circuitry generates the second signal based on the first signal.
The phase detection circuit compares the first signal to the
second signal to generate a second phase difference when the
delay circuitry generates the second signal based on a third
signal provided to a signal network. The measurement circuit
determines a delay of the signal network based on the firstand
second phase differences.

Various objects, features, and advantages of the present
invention will become apparent upon consideration of the
following detailed description and the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates examples of circuits in an integrated
circuit that provide propagation delay to a clock signal and
that can be used with embodiments of the present invention.

FIG. 1B is a timing diagram that shows examples of wave-
forms of the four clock signals shown in FIG. 1A.

FIG. 2 illustrates an example of a measurement circuit that
measures the delay of a signal network, according to an
embodiment of the present invention.

FIG. 3 illustrates examples of operations that can be used
by the measurement circuit of FIG. 2 to determine the delay of
the signal network of FIG. 2, according to an embodiment of
the present invention.

FIG. 4 illustrates an example of a measurement circuit that
measures the delays of signal networks, according to another
embodiment of the present invention.

FIG. 5 is a simplified partial block diagram of a field
programmable gate array (FPGA) that can include aspects of
the present invention.

FIG. 6 shows a block diagram of an exemplary digital
system that can embody techniques of the present invention.

DETAILED DESCRIPTION

In many applications, it is useful to determine the propa-
gation delay of a signal within an integrated circuit. For
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2

example, the propagation delay of a clock signal within an
integrated circuit may generate a significant portion of the
delay provided to time information that is transmitted accord-
ing to one of the IEEE 1588 standards. Uncertainty in the
delay provided to the time information during its transmis-
sion reduces the accuracy of the time information.

FIG. 1A illustrates examples of circuits in an integrated
circuit that provide propagation delay to a clock signal and
that can be used with embodiments of the present invention.
FIG. 1A illustrates an external terminal 101, an input circuit
102, four D flip-flop circuits 103-106, and three buffer cir-
cuits 111-113. The integrated circuit receives a data signal D1
from an external device at external terminal 101. External
terminal 101 may be an external terminal of the integrated
circuit, such as a pad, or a pin connected to a package that
houses the integrated circuit. The data signal D1 is provided
to an input of input circuit 102. Input circuit 102 includes a
buffer circuit that buffers data signal D1 to generate data
signal D2.

In an exemplary embodiment, input circuit 102 also
includes a clock data recovery circuit that generates a recov-
ered clock signal CLK1 using the data signal D1 and a refer-
ence clock signal (not shown) generated by a phase-locked
loop circuit. Recovered clock signal CLK1 is provided to a
clock input of flip-flop circuit 103, and the data signal D2 is
provided to the D input of flip-flop circuit 103. Flip-flop
circuit 103 stores the value of data signal D2 at its Q output in
data signal D3 in response to each rising edge of clock signal
CLK1.

The recovered clock signal CLK1 is provided through a
clock network that includes buffer circuits 111-113. Buffer
circuit 111 buffers clock signal CLK1 to generate a buffered
clock signal CLK2. Clock signal CLLK2 is provided to a clock
input of flip-flop circuit 104, and the data signal D3 is pro-
vided to the D input of flip-flop circuit 104. Flip-flop circuit
104 stores the value of data signal D3 at its Q output in data
signal D4 in response to each rising edge of clock signal
CLK2.

Buffer circuit 112 buffers clock signal CLLK2 to generate a
buffered clock signal CLK3. Clock signal CLK3 is provided
to a clock input of flip-flop circuit 105, and the data signal D4
is provided to the D input of flip-flop circuit 105. Flip-flop
circuit 105 stores the value of data signal D4 at its Q output in
data signal D5 in response to each rising edge of clock signal
CLK3.

Buffer circuit 113 buffers clock signal CL.LK3 to generate a
buffered clock signal CLK4. Clock signal CLK4 is provided
to a clock input of flip-flop circuit 106, and the data signal DS
is provided to the D input of flip-flop circuit 106. Flip-flop
circuit 106 stores the value of data signal D5 at its Q output in
data signal D6 in response to each rising edge of clock signal
CLK4. In many embodiments, buffers 111,112, and 113 may
drive large clock trees rather than single registers.

The circuitry shown in FIG. 1A is in an integrated circuit
that includes two or more regions and is illustrated with three
regions 1, 2, and 3. As an example, the integrated circuit may
be a field programmable gate array (FPGA), and the three
regions 1, 2, and 3 shown in FIG. 1A may be a physical
medium attachment (PMA) region, a physical coding sub-
layer (PCS) region, and an FPGA core region, respectively.
The recovered clock signal may experience a significant
propagation delay as it is transmitted through the clock net-
work in the three regions 1-3. In an alternative embodiment,
region 2 is omitted, and region 1 directly connects to region 3.
For example, the entire PCS region may be part of region 3.

FIG. 1B is a timing diagram that shows examples of wave-
forms of the four clock signals shown in FIG. 1A. In the
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example of FIG. 1B, each of the clock signals CLK1-CLK4
has a frequency of 100 megahertz (MHz) and a clock period
of 10 nanoseconds (ns). In FIG. 1B, an exemplary data bit is
stored by flip-flop circuit 103 in data signal D3 in response to
afirstrising edge in clock signal CLK1 that occurs at time t=0.
Buffer circuit 111 and routing conductors in the clock net-
work generate a delay of 2 ns in clock signal CLK2 relative to
clock signal CLK1. Flip-flop circuit 104 stores the exemplary
data bit received from data signal D3 in data signal D4 in
response to a second rising edge in clock signal CLK2 that
occurs at time t=12 ns, as shown by the first dotted arrow in
FIG. 1B.

Buffer circuit 112 and routing conductors in the clock
network generate a delay of 1 ns in clock signal CLK3 relative
to clock signal CLK2. Flip-flop circuit 105 stores the exem-
plary data bit received from data signal D4 in data signal D5
in response to a third rising edge in clock signal CLK3 that
occurs at time t=23 ns, as shown by the second dotted arrow
in FIG. 1B. Buffer circuit 113 and routing conductors in the
clock network generate a delay of 2 ns in clock signal CLK4
relative to clock signal CLK3. Flip-flop circuit 106 stores the
exemplary data bit received from data signal D5 in data signal
D6 in response to a fourth rising edge in clock signal CLK4
that occurs at time t=35 ns, as shown by the third dotted arrow
in FIG. 1B.

In the example of FIG. 1B, the clock network adds a delay
of 5 ns to clock signal CLLK4 relative to clock signal CLK1.
The delay that the clock network of FIG. 1A provides to clock
signal CLLK4 changes based on variations in the process of the
integrated circuit, variations in the temperature of the inte-
grated circuit, and variations in the supply voltage provided to
the clock network (i.e., PVT variations). The delay that the
clock network of FIG. 1A provides to clock signal CLK4 may
vary significantly in response to PVT variations. As an
example, in the embodiments of FIGS. 1A-1B, the clock
network may provide a delay of 5 ns to clock signal CLK4 in
integrated circuits having slow corner process variations, and
the clock network may provide a delay of 2.5 ns to clock
signal CLK4 in integrated circuits having fast corner process
variations. Changes in the temperature and supply voltage
may cause additional variations in the delay of the clock
network.

The delay that the clock network provides to clock signal
CLK4 is also added to the delay that flip-flop circuits 103-106
provide to data signal D6. The delay of the clock network and
PVT variations in the delay of the clock network may reduce
the accuracy of data signal D6. For example, if data signals
D1-D6 indicate time information transmitted according to
one of the IEEE 1588 standards, the delay provided to data
signal D6 by the clock network and PVT variations in the
delay of the clock network may reduce the accuracy of the
time information below a required level. If the integrated
circuit is a field programmable gate array (FPGA), the delay
that a clock network provides to a clock signal may be sig-
nificant, for example, within a high-speed serial interface
(HSSI) circuit. Therefore, it would be desirable to accurately
determine the delay of a signal network within an integrated
circuit. It would also be desirable to determine the arrival time
or phase of a signal at a starting point within an integrated
circuit.

FIG. 2 illustrates an example of a measurement circuit 200,
according to an embodiment of the present invention. Mea-
surement circuit 200 includes delay circuitry, phase detection
circuit 240, and control circuit 242. The delay circuitry in
measurement circuit 200 includes circuits 211 and 221-223.
Circuit 211 includes multiplexer circuits 212-213. Circuits
221, 222, and 223 include buffer circuits 231-232, 233-234,
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4

and 235-236, respectively. The delay circuitry in measure-
ment circuit 200 is coupled between the first and second
inputs of phase detection circuit 240.

FIG. 2 also illustrates a signal network 202 and flip-flop
circuits 201, 204, 206, and 216. In some embodiments, the
circuits shown in FIG. 2 are in a single integrated circuit. In
other embodiments, the circuits shown in F1G. 2 are in two or
more integrated circuits coupled together, e.g., through a
circuit board, interposer, or package.

FIG. 2 illustrates signals CA1-CA5, CB1-CB4, and CC1-
CC4. CA1-CAS5, CB1-CB4, and CC1-CC4 may be, for
example, periodic clock signals, data signals, reset signals,
strobe signals, or other types of signals. Signals CA1 and CC4
are provided to first and second inputs of phase detection
circuit 240 at nodes A and C, respectively.

Signal CB1 is provided to an input of flip-flop circuit 201 at
node D. In an embodiment, node D represents a starting point
of signal CB1 within the circuitry shown in FIG. 2. Signal
CB3 is provided to an input of flip-flop circuit 204 at node 7.
In an embodiment, node Z represents a starting point of signal
CB3 within the circuitry shown in FIG. 2. The starting point
is a physical location from which measurement circuit 200
determines time information for the measured signal. The
starting point may be any physical location from which the
measurement circuit determines time information for the
measured signal. The time information may be, for example,
information indicating a time when a particular edge or tran-
sition occurred in the measured signal, such as a phase of the
measured signal.

As an example, either one or both of signals CB1 and CB3
may be an input signal transmitted from an external device to
an input pad of the integrated circuit, and the respective
flip-flop circuit 201 or 204 may be the closest flip-tlop to the
input pad. As another example, either one or both of signals
CB1 and CB3 may be a clock signal generated by a clock
signal generation circuit in an integrated circuit that contains
the circuitry of FIG. 2. As a more specific example, signals
CA1-CAS5, CB1-CB4, and CC1-CC4 are all clock signals.
Flip-flop circuits 201 and 204 may be in one or more clock
signal generation circuits that generate clock signals CB1 and
CB3 or coupled to outputs of the one or more clock signal
generation circuits that generate clock signals CB1 and CB3.
The one or more clock signal generation circuits that generate
signals CB1 and CB3 may be, for example, one or more clock
data recovery circuits, one or more phase-locked loop cir-
cuits, one or more delay-locked loop circuits, and/or one or
more counter circuits. In an exemplary embodiment, signal
CB1 is a clock signal that is used to capture incoming data in
a receiver, and signal CB3 is a clock signal that is used to
transmit outgoing data in a transmitter.

Signal network 202 generates signal CB2 based on signal
CB1. Signal network 202 generates signal CB4 based on
signal CB3. Signal network 202 may, for example, include
buffer circuits that buffer signal CB1 to generate signal CB2
and that buffer signal CB3 to generate signal CB4. Signal
CB2 is provided to an input of flip-flop circuit 206. Signal
CB4 is provided to an input of flip-flop circuit 216. In an
exemplary embodiment, signals CB1-CB4 are periodic clock
signals, and signal network 202 is a clock network, such as the
clock network of FIG. 1A.

Signal network 202 may drive signals CB2 and CB4 and
other signals generated based on signals CB1 and CB3 to
numerous destination circuits, such as flip-flop circuits and
other digital logic circuitry. In other embodiments, signal
network 202 generates additional output signals based on
additional input signals not shown in FIG. 2. If signal network
202 has a large fan-out to many destination circuits, then
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signal network 202 may provide a substantial delay to signal
CB2 relative to signal CB1 and a substantial delay to signal
CB4 relative to signal CB3. As described in further detail
below, measurement circuit 200 determines time information
for signal CB1 at node D and then uses the time information
for signal CB1 to calculate the delay that signal network 202
provides to signal CB2 relative to signal CB1. Measurement
circuit 200 can also determine time information for signal
CB3 at node Z and use the time information for signal CB3 to
calculate the delay that signal network 202 provides to signal
CB4 relative to signal CB3. According to some embodiments
that are not intended to be limiting, a measurement of the
delay of signal network 202 may, for example, be used to
more accuracy determine the values of information transmit-
ted within an integrated circuit according to one of the IEEE
1588 standards or one of the CPRI standards.

In some embodiments, measurement circuit 200 provides a
relatively small amount of additional delay to signals CB2
and CB4 and to signal network 202. Measurement circuit 200
can measure time information for signals CB1 and CB3 and
the delays of signal network 202 during the normal operation
of signal network 202. In some embodiments, measurement
circuit 200 periodically updates the measurements of time
information for signals CB1 and CB3 and the delays of signal
network 202 during the normal operation of signal network
202.

FIG. 3 illustrates examples of operations that can be used
by measurement circuit 200 to determine the delay that signal
network 202 provides to signal CB2 relative to signal CB1,
according to an embodiment of the present invention. In
operation 301, control circuit 242 measures the round trip
delay DABC from node A to node C via node B through the
delay circuitry 211 and 221-223. Signal CAl is provided
through a conductor to the input of bufter circuit 235 as shown
in FIG. 2. In an embodiment, signal CA1 has the same fre-
quency as signal CB1 during the measurement of the delay
that signal network 202 provides to signal CB2 relative to
signal CB1. Signal CA1 may be generated based on signal
CB1 or based on another signal. As an example, one or more
buffer circuits buffer signal CB1 to generate signal CA1. In
other embodiments, signal CA1 may have a different fre-
quency than signal CB1 during the measurement of the delay
that signal network 202 provides to signal CB2 relative to
signal CB1. In some embodiments, signal CB1 is generated
independently from signal CA1, such that signal CB1 is not
derived from signal CA1.

Buffer circuit 235 buffers signal CA1 to generate signal
CA2 at its output. Signal CA2 is provided through a conduc-
tor to the input of bufter circuit 233. Buffer circuit 233 buffers
signal CA2 to generate signal CA3 at its output. Signal CA3
is provided through a conductor to the input of buffer circuit
231. Buffer circuit 231 buffers signal CA3 to generate signal
CAA4 at its output. Signal CA4 is provided through a conduc-
tor to a multiplexing input of multiplexer circuit 212. Multi-
plexer circuit 212 is configured by select signal 51 to generate
signal CA5 at node B based on signal CA4. Multiplexer
circuit 212 functions as a buffer circuit that buffers signal
CAA4 to generate signal CA5. Multiplexer circuit 212 is added
to measurement circuit 200 to match the delay of multiplexer
circuit 213. In an alternative embodiment, multiplexer circuit
212 is replaced with a standard buffer circuit that buffers
signal CA4 to generate signal CAS.

Signal CAS is provided through a conductor to a first
multiplexing input of multiplexer circuit 213. During the
measurement of the delay DABC from node A to node C via
node B, multiplexer circuit 213 is configured by select signals
S2 to generate signal CC1 at its output based on signal CAS.
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Multiplexer circuit 213 buffers signal CAS5 to generate signal
CC1 during the measurement of the delay DABC. Signal CC1
is provided through a conductor to the input of buffer circuit
232. Buffer circuit 232 buffers signal CC1 to generate signal
CC2. Signal CC2 is provided through a conductor to the input
of buffer circuit 234. Buffer circuit 234 buffers signal CC2 to
generate signal CC3. Signal CC3 is provided through a con-
ductor to the input of buffer circuit 236. Buffer circuit 236
buffers signal CC3 to generate signal CC4.

Signal CA1 is provided through a conductor to a first input
of phase detection circuit 240. Signal CC4 is provided
through a conductor to a second input of phase detection
circuit 240. Phase detection circuit 240 compares the phase of
signal CA1 to the phase of signal CC4 to generate one or more
phase comparison signals VC. The one or more phase com-
parison signals VC indicate a first phase difference PD1
between signals CA1 and CC4. The first phase difference
PD1 indicates the delay DABC from node A to node C via
node B, because multiplexer circuit 213 causes signal CC4 to
be generated based on signal CA1 during the measurement of
the first phase difference PD1. VC may be an analog signal or
multiple digital signals. The one or more phase comparison
signals VC are provided through one or more conductors to
control circuit 242. Control circuit 242 includes a storage
circuit that stores the first phase difference PD1 indicated by
the one or more phase comparison signals VC.

Phase detection circuit 240 may be any suitable type of
phase detection circuit. As an example that is not intended to
be limiting, phase detection circuit 240 may include the phase
detection circuitry shown in and described with respect to
FIG. 2 of U.S. Pat. No. 8,334,716, issued Dec. 18, 2012,
which is incorporated by reference herein in its entirety.

Circuits 211 and 221-223 ideally provide a symmetric
delay to signal CC4 relative to signal CA1. Thus, the delay
that buffer circuits 235, 233, and 231 and multiplexer circuit
212 provide to signal CAS relative to signal CAl ideally
equals or approximately equals the delay that multiplexer
circuit 213 and buffer circuits 232, 234, and 236 provide to
signal CC4 relative to signal CAS. If the delay provided to
signal CC4 relative to signal CA1 is symmetric, then one-half
of'the delay DABC from node A to node C via node B equals
or approximately equals the delay DBC from node B to node
C. Also, one-half of the delay DABC from node A to node C
via node B equals or approximately equals the delay DDC
from node D to node C.

In some embodiments, multiplexer circuit 212 is designed
to have the same architecture and the same size transistors as
multiplexer circuit 213, and bufter circuits 231, 233, and 235
are designed to have the same architectures and the same size
transistors as buffer circuits 232, 234, and 236, respectively,
in order to generate a symmetric delay in signal CC4 relative
to signal CA1. In some embodiments, circuits 212, 231, 233,
and 235 are located next to or near circuits 213, 232, 234, and
236 within circuits 211, 221, 222, and 223, respectively, to
provide spatial correlation. In some embodiments, circuits
211, 221, 222, and 223 are all in the same integrated circuit.
In these embodiments, circuits 212, 231, 233, and 235 have
the same or nearly the same process, supply voltage, and
temperature variations (i.e., PVT variations) as circuits 213,
232, 234, and 236, respectively.

In operation 302 shown in FIG. 3, control circuit 242
measures the delay DDC from node D to node C through
circuits 213, 232, 234, and 236. Operation 302 is performed
after operation 301 in FIG. 3. In an alternative embodiment,
operation 302 is performed before operation 301. During the
measurement of the delay DDC from node D to node C,
multiplexer circuit 213 is configured by select signals S2 to
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generate signal CC1 at its output based on signal CB1 at node
D. Node D is coupled to a second multiplexing input of
multiplexer circuit 213. Multiplexer circuit 213 buffers signal
CB1 to generate signal CC1 during the measurement of the
delay DDC from node D to node C. Buffer circuit 232 buffers
signal CC1 to generate signal CC2. Buffer circuit 234 buffers
signal CC2 to generate signal CC3. Buffer circuit 236 buffers
signal CC3 to generate signal CC4.

During the measurement of the delay DDC from node D to
node C, phase detection circuit 240 compares the phase of
signal CA1 to the phase of signal CC4 to generate one or more
second values of the one or more phase comparison signals
VC. The one or more second values of the one or more phase
comparison signals VC indicate a second phase difference
PD2 between signals CA1 and CC4. The second phase dif-
ference PD2 indicates the delay DDC from node D to node C,
because multiplexer circuit 213 causes signal CC4 to be gen-
erated based on signal CB1 during the measurement of the
second phase difference PD2. Control circuit 242 stores the
second phase difference PD2 indicated by the one or more
phase comparison signals VC.

Control circuit 242 then calculates time information for
signal CB1 at node D using the first phase difference PD1 and
the second phase difference PD2. The time information for
signal CB1 may be, for example, the phase of signal CB1
relative to the phase of signal CA1l. In an embodiment, the
time period between the measurement of the first phase dif-
ference PD1 and the measurement of the second phase dif-
ference PD2 is short to increase the accuracy of the calcula-
tion of the time information for signal CB1 at node D. The
first phase difference PD1 indicates the round trip delay
DABC from node A to node C via node B through circuits 211
and 221-223, as shown in equation (1) below. In equation (1),
PCC41 is the phase of signal CC4 during the measurement of
the delay DABC, and PCAL1 is the phase of signal CA1. As
shown in equation (1), the first phase difference PD1 equals
the phase PCC41 of signal CC4 minus the phase PCA1 of
signal CA1l. The phase PCC41 of signal CC4 during the
measurement of delay DABC equals the phase PCA1 of sig-
nal CA1 plus the delay DABC (i.e., PCC41=PCA1+DABC).

PD1=PCC41-PCA1=(PCA1+DABC)-PCA1=DABC (D

The second phase difference PD2 indicates the phase
PCB1 of signal CB1 plus the delay DDC from node D to node
C through circuits 213, 232, 234, and 236, as shown in equa-
tion (2) below. In equation (2), PCC42 is the phase of signal
CC4 during the measurement of the delay DDC from node D
to node C, and PCAL1 is the phase of signal CA1. As shown in
equation (2), the second phase difference PD2 equals the
phase PCC42 of signal CC4 minus the phase PCA1 of signal
CA1. The phase PCC42 of signal CC4 during the measure-
ment of the delay DDC from node D to node C equals the
phase PCB1 of signal CB1 plus the delay DDC (i.e.,
PCC42=PCB1+DDC).

PD2=PCC42-PCA1=(PCB1+DDC)-PCA1 )

If circuits 211 and 221-223 have a symmetric delay, then
the delay DABC from node A to node C via node B through
circuits 211 and 221-223 equals or nearly equals twice the
delay DBC from node B to node C through circuits 213, 232,
234, and 236. If circuits 211 and 221-223 have a symmetric
delay, and if the delay from node B through multiplexer
circuit 213 equals the delay from node D through multiplexer
circuit 213, then the delay DDC equals the delay DBC, and
the delay DABC is twice the delay DDC (i.e., DABC=2x
DDC). Substituting DABC=2xDDC into equation (1) gener-
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ates DDC=PD1+2. Substituting DDC=PD1+2 into equation
(2) generates equation (3) shown below.

PCR1=PD2—(PD1+2)+PCA1 3)

Signal CA1 is the reference signal for phase detection
circuit 240. Therefore, if the phase PCA1 of signal CA1 is set
to 0 in equation (3), then equation (3) is simplified to equation
(4), as shown below.

PCBR1=PD2-(PD1+2) )

In operation 303, control circuit 242 calculates the phase
PCB1 of signal CB1 by substituting the measured values of
the first phase difference PD1 and the second phase difference
PD2 into equation (3) or equation (4). The phase PCB1 of
signal CB1 is the time information for signal CB1 in this
embodiment. If control circuit 242 uses equation (4), then
control circuit 242 determines the phase of signal CB1 rela-
tive to the phase of signal CA1. If control circuit 242 uses
equation (3), then PCA1 may remain an unknown variable
that is canceled out when PCB1 is subtracted from the phase
PCB2 of signal CB2 as described below.

Signal CA1 and signal CB2 are also provided to inputs of
control circuit 242. In operation 304 in FIG. 3, control circuit
242 determines the phase PCB2 of signal CB2. In operation
305, control circuit 242 then subtracts the phase PCB1 of
signal CB1 calculated using equation (4) from the phase
PCB2 of signal CB2 to determine the phase difference that
signal network 202 provides to signal CB2 relative to signal
CB1.

In some exemplary embodiments, operations 301-305 may
be performed in two or more iterations to determine two or
more values of the phase difference that signal network 202
provides to signal CB2 relative to signal CB1. An average
value is then calculated for the two or more values determined
for the phase difference that signal network 202 provides to
signal CB2 relative to signal CB1. The average value may
indicate a more accurate measurement of the phase difference
that signal network 202 provides to signal CB2 relative to
signal CB1.

In an exemplary embodiment, control circuit 242 includes
a phase detection circuit that compares the phase PCA1 of
signal CA1 to the phase PCB2 of signal CB2 to generate a
third phase difference PD3. The third phase difference PD3
indicates the phase PCB2 of signal CB2 minus the phase of
signal CA1 (i.e., PD3=PCB2-PCA1). Control circuit 242
then subtracts the phase PCB1 of signal CB1 calculated using
equation (3) from the phase PCB2 of signal CB2 (i.e.,
PCB2=PD3+PCA1) to generate the phase difference PD4
that signal network 202 provides to signal CB2 relative to
signal CB1 (i.e., PD4=PCB2-PCB1=(PD3+PCA1)-(PD2-
(PD1+2)+PCA1)=PD3-PD2+(PD1+2)).

Subtracting the phase PCB1 of signal CB1 from the phase
PCB2 of signal CB2 generates the delay that signal network
202 provides to signal CB2 relative to signal CB1 if the delay
that signal network 202 provides to signal CB2 relative to
signal CB1 is less than the period of signal CB1. If the delay
that signal network 202 provides to signal CB2 relative to
signal CB1 is greater than the period of signal CB1, then
control circuit 242 may add an appropriate number of periods
of'signal CB2 to the calculated phase PCB2 of signal CB2 to
determine the delay that signal network 202 provides to signal
CB2 relative to signal CB1.

If the uncertainty in the delay of signal network 202 is
greater than one period of the signal to be measured, a fre-
quency divider circuit can be added to the circuitry of FIG. 2.
The frequency divider circuit divides the frequency of the
signal to be measured by a number N that is greater than 1
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(e.g., N equals 2 or 4) to generate a frequency divided signal
at node D. The measurement circuit 200 then determines the
phase of the frequency divided signal at node D, as described
above.

Measurement circuit 200 can determine the phase difter-
ence that signal network 202 provides to signal CB2 relative
to signal CB1 if there is a known asymmetry in circuits 211
and 221-223. As an example, if the delay DAB through cir-
cuits 235, 233, 231, and 212 from node A to node B is an X
amount of time plus a multiple of Y longer than the delay
DBC through circuits 213, 232, 234, and 236 from node B to
node C, then the delay DAB is shown by equation (5) below.

DAB=X+(YxDBC) )

The time delay X may, for example, be caused by an extra
buffer circuit and may be positive or negative. The multiple Y
may, for example, be a slower conductor. In this example, X
andY are constants that are known prior to the measurement
of the delay through signal network 202. Constants X and Y
are stored in control circuit 242 or provided to control circuit
242. If circuits 211 and 221-223 are symmetric, then X=0,
and Y=1.

The delay DABC through circuits 211 and 221-223 from
node A to node C vianode B equals the delay DAB from node
A to node B plus the delay DBC from node B to node C.
Equation (5) can be used to substitute for DAB to generate
equation (6), which is simplified to generate equation (7)
below.

DABC=DAB+DBC=X+(YxDBC)+DBC (6

DBC=(DABC-X)/(1+Y) )

The phase PCB1 of signal CB1 equals the phase PCC42 of
signal CC4 minus the delay DDC from node D to node C
during the measurement of the delay from node D to node C,
as described above. If the delay DDC equals the delay DBC
from node B to node C, then equation (7) can be used to
generate equation (8) as shown below.

PCBI=PCCA2-DDC=PCCA2—(DARC-X)/(1+Y) ®)

As described above, the delay DABC equals the phase
PCC41 of signal CC4 minus the phase PCA1 of signal CA1
during the measurement of the round trip delay from node A
to node C. The phase PCA1 of signal CA1 is set to 0 to
generate a simplified equation (9) below. If PCA1 equals O,
then DABC equals PCC41, PCC41 equals PD1 from equation
(1), and PD2 equals PCC42 from equation (2). In an embodi-
ment, control circuit 242 uses equation (9) to calculate the
phase PCB1 of signal CB1.

PCB1=PD2-(PD1-X)/(1+Y) ©)]

Measurement circuit 200 can also determine time informa-
tion for signal CB3 at node Z and use the time information for
signal CB3 to calculate the delay that signal network 202
provides to signal CB4 relative to signal CB3. To determine
the time information for signal CB3, control circuit 242 mea-
sures a first phase difference PD1 that equals the round trip
delay DABC from node A to node C via node B, as described
above and shown in equation (1).

Signal CB3 is provided to a third multiplexing input of
multiplexer circuit 213. In an embodiment, signal CA1 has
the same frequency as signal CB3 during the measurement of
the time information for signal CB3. Signal CA1 may be
generated based on signal CB3 or based on another signal. As
an example, one or more buffer circuits buffer signal CB3 to
generate signal CA1. In other embodiments, signal CA1 may
have a different frequency than signal CB3 during the mea-
surement of the time information for signal CB3. In some
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embodiments, signal CB3 is generated independently of sig-
nal CA1, such that signal CB3 is not derived from signal CA1.

To determine the time information for signal CB3, control
242 also measures a fifth phase difference PDS5 that indicates
the delay from node Z to node C. To measure the fifth phase
difference PD5, select signals S2 are set to values that cause
multiplexer circuit 213 to generate signal CC1 based on sig-
nal CB3. Control circuit 242 then determines the fifth phase
difference PDS5 using equation (10) below. In equation (10),
PCC43 is the phase of signal CC4 during the measurement of
the delay from node Z to node C, PCB3 is the phase of signal
CB3, DZC is the delay from node Z to node C, and PCA1 is
the phase of signal CA1.

PD5=PCC43-PCA1=(PCB3+DZC)-PCA1 (10)

If circuits 211 and 221-223 have a symmetric delay, and if
the delay from node B through multiplexer circuit 213 equals
the delay from node Z through multiplexer circuit 213, then
the delay DZC equals the delay DBC, and DABC=2xDZC.
Substituting DABC=2xDZC into equation (1) generates
DZC=PD1+2. Substituting DZC=PD1+2 into equation (10)
generates equation (11) shown below. Equation (11) indicates
the phase PCB3 of signal CB3, which is the time information
for signal CB3 in this embodiment.

PCR3=PD5—(PD1+2)+PCA1 an

Control circuit 242 then determines the phase PCB4 of
signal CB4. Control circuit 242 then determines the delay that
signal network 202 provides to signal CB4 relative to signal
CB3 by subtracting the phase PCB4 of signal CB4 from the
phase PCB3 of signal CB3. If the delay that signal network
202 provides to signal CB4 relative to signal CB3 is greater
than the period of signal CB3, then control circuit 242 may
add an appropriate number of periods of signal CB4 to the
calculated phase PCB4 of signal CB4 to determine the delay
that signal network 202 provides to signal CB4 relative to
signal CB3. According to additional embodiments, multi-
plexer circuit 213 may have four or more multiplexing inputs
that receive one or more additional measured signals. In these
embodiments, the round trip delay from node A to node C is
determined as described above, and the delay from the mea-
sured signal is also determined after multiplexer circuit 213 is
configured to select the measured signal.

FIG. 4 illustrates another example of a measurement circuit
400, according to an embodiment of the present invention.
Measurement circuit 400 includes delay circuitry, phase
detection circuit 240 and control circuit 242. The delay cir-
cuitry in measurement circuit 400 includes circuits 211, 221-
223, 410, 415, 420, and 425. The delay circuitry is coupled
between the first and second inputs of phase detection circuit
240. Circuits 410 and 415 include buffer circuits 411-412 and
413-414, respectively. Circuits 420 and 425 include multi-
plexer circuits 421-422 and 423-424, respectively.

Multiplexer circuits 421-424 and buffer circuits 411-414
extend the delay circuitry of FIG. 2 so that measurement
circuit 400 can measure time information for additional sig-
nals CE1, CE3, CF1, and CF3. FIG. 4 also illustrates signal
networks 202, 404, and 405 and flip-flop circuits 201, 206,
401-402,406-407,451-452, and 466-467. The circuits shown
in FIG. 4 may be in a single integrated circuit or in multiple
integrated circuits.

FIG. 4 illustrates signals CA1-CA9, CB1-CB2, CC1-CC4,
CE1-CE4, CF1-CF4, CG1, CH1-CH2, and CI1-CI2. Signals
CA1-CA9,CB1-CB2, CC1-CC4, CE1-CE4, CF1-CF4, CG1,
CH1-CH2, and CI1-CI2 may be, for example, periodic clock
signals, data signals, reset signals, strobe signals, or other
types of signals in the embodiment of FIG. 4.
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Signals CB1, CE1, CF1, CE3, and CF3 are provided to
inputs of flip-flop circuits 201, 401, 402, 451, and 452 at
nodes D, E, F, X, and Y, respectively. One or more of signals
CB1, CE1, CF1, CE3, and CF3 may, for example, be clock
signals generated by one or more clock signal generation
circuits. As a more specific example, signals CA1-CA9, CB1-
CB2, CC1-CC4, CE1-CE4, CF1-CF4, CG1, CH1-CH2, and
CI1-CI2 are all clock signals. The one or more clock signal
generation circuits that generate signals CB1, CE1, CF1,
CE3, and CF3 may be, for example, clock data recovery
circuits, phase-locked loop circuits, delay-locked loop cir-
cuits, counter circuits, or any combination of these types of
circuits.

In an embodiment, flip-flop circuits 201 and 204, 401 and
451, and 402 and 452 are part of three different data channels
in an interface circuit (e.g., a high-speed serial interface).
Flip-flop circuits 201 and 204 are in a first data channel,
flip-flop circuits 401 and 451 are in a second data channel, and
flip-flop circuits 402 and 452 are in a third data channel. Each
of the three data channels receives and/or transmits data. In
this embodiment, signals CB1 and CB3, CE1 and CE3, and
CF1 and CF3 are used in the three data channels to transmit
and/or receive data. In an embodiment, signals CE1 and CF1
are clock signals used to receive data in the second and third
channels, and signals CE3 and CF3 are clock signals used to
transmit data in the second and third channels, respectively.

Signal network 404 generates signals CE2 and CE4 based
on signals CE1 and CE3, respectively. Signal network 405
generates signals CF2 and CF4 based on signals CF1 and
CF3, respectively. Signal networks 404-405 may, for
example, each have serially coupled buffer circuits that buffer
signals CE1, CE3, CF1, and CF3 to generate signals CE2,
CE4, CF2, and CF4, respectively. Signals CE2, CE4, CF2,
and CF4 are provided to inputs of flip-flop circuits 406, 466,
407, and 467, respectively. In an exemplary embodiment,
signals CE1-CE4 and CF1-CF4 are periodic clock signals,
and signal networks 404-405 are clock networks.

Measurement circuit 400 can determine time information
for each of signal CB1 at node D, signal CE1 at node E, signal
CE3 at node X, signal CF1 at node F, and signal CF3 at node
Y at different times. Measurement circuit 400 uses the time
information determined for signals CB1, CE1, CE3, CF1, and
CF3 to determine the delays that signal networks 202, 404,
and 405 provide to signals CB2, CE2, CE4, CF2, and CF4
relative to signals CB1, CE1, CE3, CF1, and CF3, respec-
tively. Measurement circuit 400 can determine the delay that
signal network 202 provides to signal CB4 using the tech-
niques described above with respect to FIG. 2. Signals CB3-
CB4 are not shown in FIG. 4 merely to simplify the drawing.

In an embodiment, signal CA1 is set to have the same
frequency as signal CB1 when measurement circuit 400 is
determining the time information for signal CB1. In an
embodiment, signal CA1 is set to have the same frequency as
signal CE1 when measurement circuit 400 is determining the
time information for signal CE1. In an embodiment, signal
CAL1 is set to have the same frequency as signal CE3 when
measurement circuit 400 is determining the time information
for signal CE3. In an embodiment, signal CA1 is set to have
the same frequency as signal CF1 when measurement circuit
400 is determining the time information for signal CF1. In an
embodiment, signal CA1 is set to have the same frequency as
signal CF3 when measurement circuit 400 is determining the
time information for signal CF3. According to an exemplary
embodiment, signal CA1 may be generated based on the
measured signal CB1, CE1, CE3, CF1, or CF3 for example,
using a multiplexer circuit that selects the measured signal
and bufter circuits that buffer the selected measured signal to
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generate signal CAl. According to another exemplary
embodiment, signal CA1 may be generated based on one or
more other signals that are not directly derived from the
measured signal CB1, CE1, CE3, CF1, or CF3. According to
other embodiments, signal CA1 may have a different fre-
quency than the measured signal CB1, CE1, CE3, CF1, or
CF3. In some embodiments, measured signals CB1, CE1,
CE3, CF1, and CF3 are generated independently of signal
CA1, such that signals CB1, CE1, CE3, CF1, and CF3 are not
derived from signal CA1.

In order to determine the delay that signal network 404
provides to signal CE2 relative to signal CE1, signal CA1 is
set to have the same frequency as signal CE1 in some embodi-
ments, and measurement circuit 400 determines the phase of
signal CE1 relative to the phase of signal CA1. To determine
the phase of signal CE1 relative to signal CA1, control circuit
242 measures the round trip delay from node A to node C via
node B and node G through circuits 211, 221-223, 410, and
420.

Circuits 211, 221-223, 410, and 420 ideally provide a sym-
metric delay to signal CC4 relative to signal CA1, such that
one-half of the delay from node A to node C via nodes B and
G equals or approximately equals the delay from node E to
node C. In some embodiments, multiplexer circuit 421 has the
same architecture and the same size transistors as multiplexer
circuit 422, and buffer circuit 411 has the same architecture
and the same size transistors as buffer circuit 412. In some
embodiments, circuits 411 and 421 are located next to or near
circuits 412 and 422 within circuits 410 and 420, respectively.
In some embodiments, circuits 211, 221-223, 410, and 420
are in the same integrated circuit.

Buffer circuit 411 buffers signal CAS to generate signal
CAG6. During the measurement of the delay from node A to
node C via nodes B and G, multiplexer circuit 421 is config-
ured by select signal S3 to generate signal CA7 based on
signal CA6. Multiplexer circuit 421 buffers signal CA6 to
generate signal CA7 at its output. Signal CA7 is provided to
a first multiplexing input of multiplexer circuit 422. Multi-
plexer circuit 422 is configured by select signals S4 to gen-
erate signal CI1 based on signal CA7 during the measurement
of the delay from node A to node C via nodes B and G.
Multiplexer circuit 422 buffers signal CA7 to generate signal
CI1 at its output. Buffer circuit 412 buffers signal CI1 to
generate signal CI2 at its output.

Signal CI2 is provided to a fourth multiplexing input of
multiplexer circuit 213. Multiplexer circuit 213 is configured
by select signals S2 to generate signal CC1 based on signal
CI2 during the measurement of the delay from node A to node
C via nodes B and G. Multiplexer circuit 213 buffers signal
CI2 to generate signal CC1. Buffer circuits 232, 234, and 236
generate signal CC4 based on signal CC1, as described above.
Phase detection circuit 240 then causes signals VC to indicate
a first phase difference PD1 between signals CA1 and CC4
that indicates the delay from node A to node C via nodes B and
G. The first phase difference PD1 is stored in control circuit
242.

Control circuit 242 then measures the delay from node E to
node C through circuits 422, 412, 213, 232, 234, and 236.
During the measurement of the delay from node E to node C,
multiplexer circuit 422 is configured by select signals S4 to
generate signal CI1 at its output based on the signal CE1 at its
second multiplexing input at node E. Multiplexer circuit 422
buffers signal CE1 to generate signal CI1. Buffer circuit 412
buffers signal CI1 to generate signal CI2. Multiplexer circuit
213 is configured by select signals S2 to generate signal CC1
based on signal CI2 during the measurement of the delay from
node E to node C. Buffer circuits 232, 234, and 236 generate
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signal CC4 based on signal CC1, as described above. Phase
detection circuit 240 then causes signals VC to indicate a
second phase difference PD2 between signals CA1 and CC4
that indicates the delay from node E to node C. The second
phase difference PD2 is stored in control circuit 242. Control
circuit 242 then calculates the phase PCE1 of signal CE1
relative to the phase of signal CA1 using, for example, the
equation PCE1=PD2-(PD1+2). Alternatively, control circuit
242 calculates the phase PCE1 of signal CE1 using the equa-
tion PCE1=PD2—-(PD1+2)+PCA1l.

Signal CE2 is also provided to an input of control circuit
242 through a conductor. Control circuit 242 determines the
phase of signal CE2. Control circuit 242 then subtracts the
phase of signal CE2 from the phase of signal CE1 to deter-
mine the phase difference between signals CE2 and CE1. If
the delay of signal network 404 is less than a period of signal
CE1, then the phase difference between signals CE1 and CE2
equals the delay that signal network 404 provides to signal
CE2 relative to signal CE1. Control circuit 242 may, for
example, determine the phase of signal CE2 using a phase
detector.

In order to determine the delay that signal network 404
provides to signal CE4 relative to signal CE3, signal CA1 is
set to have the same frequency as signal CE3 in some embodi-
ments, and measurement circuit 400 determines the phase of
signal CE3 relative to the phase of signal CA1. To determine
the phase of signal CE3 relative to the phase of signal CA1,
measurement circuit 400 generates a first phase difference
PD1 that indicates the round trip delay from node A to node C
via node B and node G through circuits 211, 221-223, 410,
and 420, as described above.

Measurement circuit 400 then measures the delay from
node X to node C through circuits 422, 412, 213, 232, 234,
and 236. During the measurement of the delay from node X to
node C, multiplexer circuit 422 is configured by select signals
S4 to generate signal CI1 atits output based on the signal CE3
at its third multiplexing input at node X. Multiplexer circuit
422 buffers signal CE3 to generate signal CI1. Buffer circuit
412 buffers signal CI1 to generate signal CI2. During the
measurement of the delay from node X to node C, multiplexer
circuit 213 is configured by select signals S2 to generate
signal CC1 based on signal CI2, and buffer circuits 232, 234,
and 236 generate signal CC4 based on signal CC1, as
described above. Phase detection circuit 240 then causes sig-
nals VC to indicate a second phase difference PD2 between
signals CA1 and CC4 that indicates the delay from node X to
node C. The second phase difference PD2 is stored in control
circuit 242. Control circuit 242 then calculates the phase
PCE3 of signal CE3 relative to the phase of signal CA1 using,
for example, the equation PCE3=PD2-(PD1+2) or the equa-
tion PCE3=PD2—-(PD1+2)+PCALl.

Signal CE4 is also provided to an input of control circuit
242 through a conductor. Control circuit 242 determines the
phase of signal CE4. Control circuit 242 may, for example,
determine the phase of signal CE4 using a phase detector.
Control circuit 242 then subtracts the phase of signal CE4
from the phase of signal CE3 to determine the phase differ-
ence between signals CE4 and CE3. If the delay of signal
network 404 is less than a period of signal CE3, then the phase
difference between signals CE3 and CE4 equals the delay that
signal network 404 provides to signal CE4 relative to signal
CE3. According to additional embodiments, multiplexer cir-
cuit 422 may have five or more multiplexing inputs that
receive one or more additional measured signals. The addi-
tional measured signals may be received, for example, from
the second data channel.
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In order to determine the delay that signal network 405
provides to signal CF2 relative to signal CF1, signal CA1 is
set to have the same frequency as signal CF1 in some embodi-
ments, and measurement circuit 400 determines the phase of
signal CF1 relative to the phase of signal CA1. To determine
the phase of signal CF1 relative to the phase of signal CA1,
control circuit 242 measures the round trip delay from node A
to node C via node B, node G, and node H through circuits
211, 221-223, 410, 420, 415, and 425.

Circuits 211, 221-223, 410, 420, 415, and 425 ideally
provide a symmetric delay to signal CC4 relative to signal
CA1, such that one-half of the delay from node A to node C
via nodes B, G, and H equals or approximately equals the
delay from node F to node C. In some embodiments, multi-
plexer circuit 423 has the same architecture and the same size
transistors as multiplexer circuit 424, and buffer circuit 413
has the same architecture and the same size transistors as
buffer circuit 414. In some embodiments, circuits 413 and
423 are located next to or near circuits 414 and 424 within
circuits 415 and 425, respectively. In some embodiments,
circuits 211, 221-223, 410, 420, 415, and 425 are in the same
integrated circuit.

During the measurement of the delay from node A to node
Cvianodes B, G, and H, multiplexer circuit 421 is configured
by select signal S3 to generate signal CA7 at its output based
on signal CA6. Buffer circuit 413 buffers signal CA7 to
generate signal CAS8 at its output, and multiplexer circuit 423
is configured by select signal S5 to buffer signal CA8 to
generate signal CA9 at its output.

Signal CA9 at node H is provided to a first multiplexing
input of multiplexer circuit 424. Multiplexer circuit 424 is
configured by select signals S6 to generate signal CH1 at its
output based on signal CA9 during the measurement of the
delay from node A to node C via nodes B, G, and H. Multi-
plexer circuit 424 buffers signal CA9 to generate signal CH1.
Buffer circuit 414 buftfers signal CH1 to generate signal CH2
at its output. Signal CH2 is provided to the fourth multiplex-
ing input of multiplexer circuit 422. During the measurement
of the delay from node A to node C via nodes B, G, and H,
multiplexer circuit 422 is configured by select signals S4 to
generate signal CI1 based on signal CH2. Multiplexer circuit
422 buffers signal CH2 to generate signal CI1. Buffer circuit
412 buffers signal CI1 to generate signal CI2. Multiplexer
circuit 213 is configured by select signals S2 to generate
signal CC1 based on signal CI2. Buffer circuits 232, 234, and
236 generate signal CC4 based on signal CC1, as described
above. Thus, signal CC4 is generated based on signal CA9
during the measurement of the delay from node A to node C
via nodes B, G, and H. Phase detection circuit 240 causes
signals VC to indicate a first phase difference PD1 between
signals CA1 and CC4 that indicates the delay from node A to
node C via nodes B, G, and H. The first phase difference PD1
is stored in control circuit 242.

Control circuit 242 then measures the delay from node F to
node C through circuits 424, 414, 422, 412, 213, 232, 234,
and 236. During the measurement of the delay from node F to
node C, multiplexer circuit 424 is configured by select signals
S6 to generate signal CH1 at its output based on the signal
CF1 at its second multiplexing input at node F. Multiplexer
circuit 424 bufters signal CF1 to generate signal CH1. Buffer
circuit 414 buffers signal CH1 to generate signal CH2. During
the measurement of the delay from node F to node C, multi-
plexer circuit 422 is configured by select signals S4 to gen-
erate signal CI1 based on signal CH2. Multiplexer circuit 422
buffers signal CH2 to generate signal CI1. Buffer circuit 412
buffers signal CI1 to generate signal C12. Multiplexer circuit
213 is configured by select signals S2 to generate signal CC1
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based on signal C12. Buffer circuits 232, 234, and 236 gen-
erate signal CC4 based on signal CC1, as described above.
Thus, signal CC4 is generated based on signal CF1 during the
measurement of the delay from node F to node C.

Phase detection circuit 240 then causes signals VC to indi-
cate a second phase difference PD2 between signals CA1 and
CC4 that indicates the delay from node F to node C. The
second phase difference PD2 is stored in control circuit 242.
Control circuit 242 then calculates the phase PCF1 of signal
CF1 relative to the phase of signal CA1 using, for example,
the equation PCF1=PD2-(PD1+2). Alternatively, control cir-
cuit 242 calculates the phase PCF1 of signal CF1 using the
equation PCF1=PD2-(PD1+2)+PCA1l.

Signal CF2 is also provided to an input of control circuit
242 through a conductor. Control circuit 242 determines the
phase of signal CF2. Control circuit 242 may, for example,
determine the phase of signal CF2 using a phase detector.
Control circuit 242 then subtracts the phase of signal CF2
from the phase of signal CF1 to determine the phase difter-
ence between signals CF2 and CF1. If the delay of signal
network 405 is less than a period of signal CF1, then the phase
difference between signals CF1 and CF2 equals the delay that
signal network 405 provides to signal CF2 relative to signal
CF1.

In order to determine the delay that signal network 405
provides to signal CF4 relative to signal CF3, signal CA1 is
set to have the same frequency as signal CF3 in some embodi-
ments, and measurement circuit 400 determines the phase of
signal CF3 relative to the phase of signal CA1. To determine
the phase of signal CF3 relative to the phase of signal CA1,
measurement circuit 400 generates a first phase difference
PD1 that indicates the round trip delay from node A to node C
via node B, node G, and node H through circuits 211, 221-
223, 410, 420, 415, and 425, as described above.

Measurement circuit 400 then measures the delay from
node Y to node C through circuits 424, 414, 422, 412, 213,
232,234, and 236. During the measurement of the delay from
node Y to node C, multiplexer circuit 424 is configured by
select signals S6 to generate signal CH1 at its output based on
the signal CF3 at its third multiplexing input at node Y. Mul-
tiplexer circuit 424 buffers signal CF3 to generate signal
CH1. Buffer circuit 414 bufters signal CH1 to generate signal
CH2. During the measurement of the delay from node Y to
node C, multiplexer circuit 422 is configured by select signals
S4 to generate signal CI1 based on signal CH2. Multiplexer
circuit 422 buffers signal CH2 to generate signal CI1. Buffer
circuit 412 buffers signal CI1 to generate signal CI2. During
the measurement of the delay from node Y to node C, multi-
plexer circuit 213 is configured by select signals S2 to gen-
erate signal CC1 based on signal CI2, and buffer circuits 232,
234, and 236 generate signal CC4 based on signal CC1, as
described above. Thus, signal CC4 is generated based on
signal CF3 during the measurement of the delay from node’Y
to node C.

Phase detection circuit 240 then causes signals VC to indi-
cate a second phase difference PD2 between signals CA1 and
CC4 that indicates the delay from node Y to node C. The
second phase difference PD2 is stored in control circuit 242.
Control circuit 242 then calculates the phase PCF3 of signal
CF3 relative to the phase of signal CA1 using, for example,
the equation PCF3=PD2-(PD1+2) or the equation
PCF3=PD2-(PD1+2)+PCAL.

Signal CF4 is also provided to an input of control circuit
242 through a conductor. Control circuit 242 determines the
phase of signal CF4. Control circuit 242 may, for example,
determine the phase of signal CF4 using a phase detector.
Control circuit 242 then subtracts the phase of signal CF4
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from the phase of signal CF3 to determine the phase differ-
ence between signals CF4 and CF3. If the delay of signal
network 405 is less than a period of signal CF3, then the phase
difference between signals CF4 and CF3 equals the delay that
signal network 405 provides to signal CF4 relative to signal
CF3. According to additional embodiments, multiplexer cir-
cuit 424 may have five or more multiplexing inputs that
receive one or more additional measured signals. The addi-
tional measured signals may be received, for example, from
the third data channel.

Measurement circuit 400 can measure the phases of one or
more additional signals in one or more additional channels.
For example, additional buffer and multiplexer circuits can be
coupled to circuit 425 to extend the delay circuitry of FIG. 4,
and signal CA9 can be provided through the additional buft-
ers and multiplexers to generate signal CG1 during a mea-
surement of the round trip delay through the delay circuitry.
During the measurement of the delay from the additional
channel to phase detection circuit 240, a signal generated in
the additional channel is provided through the delay circuitry
to circuit 424 as signal CG1. Signal CG1 is provided to a
fourth multiplexing input of multiplexer circuit 424. Multi-
plexer circuit 424 is configured by select signals S6 to gen-
erate signal CH1 based on signal CG1 during these measure-
ments. A signal delayed by an additional signal network is
provided to control circuit 242 for determining the delay from
the additional channel through the additional signal network.
According to an alternative embodiment, bufter circuits 413-
414 and multiplexer circuits 423-424 can be eliminated from
measurement circuit 400, such that the measurement circuit
only measures delays of two signal networks 202 and 404.

FIG. 5 is a simplified partial block diagram of a field
programmable gate array (FPGA) 500 that can include
aspects of the present invention. FPGA 500 is merely one
example of an integrated circuit that can include features of
the present invention. It should be understood that embodi-
ments of the present invention can be used in numerous types
of integrated circuits such as field programmable gate arrays
(FPGAs), programmable logic devices (PLDs), complex pro-
grammable logic devices (CPLDs), programmable logic
arrays (PLAs), application specific integrated -circuits
(ASICs), memory integrated circuits, central processing
units, microprocessors, analog integrated circuits, etc.

FPGA 500 includes an array of programmable logic array
blocks (or LABs) 502 that are interconnected by a signal
network of column and row interconnect conductors of vary-
ing length and speed. LABs 502 include multiple (e.g., 10)
logic elements (or LEs).

A logic element (LE) is a programmable logic circuit that
provides for efficient implementation of user defined logic
functions. An FPGA has numerous logic elements that can be
configured to implement various combinatorial and sequen-
tial functions. The logic elements have access to a program-
mable interconnect structure of signal networks. The pro-
grammable interconnect structure can be programmed to
interconnect the logic elements in almost any desired con-
figuration.

FPGA 500 may also include a distributed memory struc-
ture including random access memory (RAM) circuits of
varying sizes provided throughout the array. The RAM cir-
cuits may include, for example, circuits 504, circuits 506, and
circuit 508 as shown in FIG. 5. These memory circuits can
also include shift registers and first-in-first-out (FIFO) buft-
ers.

FPGA 500 may also include digital signal processing
(DSP) circuits 510 as shown in FIG. 5 that can implement, for
example, multipliers with add or subtract features. Input/
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output elements (IOEs) 512 support numerous single-ended
and differential input/output standards. IOEs 512 include
input and output buffers that are coupled to pads of the inte-
grated circuit. The pads are external terminals of the FPGA
die that can be used to route, for example, input signals,
output signals, and supply voltages between the FPGA and
one or more external devices. FPGA 500 may also include the
circuits shown in FIGS. 1A, 2 and 4. FPGA 500 is described
herein for illustrative purposes. Embodiments of the present
invention can be implemented in many different types of
integrated circuits.

The present invention can also be implemented in a system
that has an FPGA as one of several components. FIG. 6 shows
a block diagram of an exemplary digital system 600 that can
embody techniques of the present invention. System 600 can
be a programmed digital computer system, digital signal pro-
cessing system, specialized digital switching network, or
other processing system. Moreover, such systems can be
designed for a wide variety of applications such as telecom-
munications systems, automotive systems, control systems,
consumer electronics, personal computers, Internet commu-
nications and networking, and others. Further, system 600
can be provided on a single board, on multiple boards, or
within multiple enclosures.

System 600 includes a processing unit 602, a memory unit
604, and an input/output (I/O) unit 606 interconnected
together by one or more buses. According to this exemplary
embodiment, an FPGA 608 is embedded in processing unit
602. FPGA 608 can serve many different purposes within the
system of FIG. 6. FPGA 608 can, for example, be a logical
building block of processing unit 602, supporting its internal
and external operations. FPGA 608 is programmed to imple-
ment the logical functions necessary to carry on its particular
role in system operation. FPGA 608 can be specially coupled
to memory 604 through connection 610 and to 1/O unit 606
through connection 612.

Processing unit 602 can direct data to an appropriate sys-
tem component for processing or storage, execute a program
stored in memory 604, receive and transmit data via 1/O unit
606, or other similar functions. Processing unit 602 can be a
central processing unit (CPU), microprocessor, floating point
coprocessor, graphics coprocessor, hardware controller,
microcontroller, field programmable gate array programmed
for use as a controller, network controller, or any type of
processor or controller. Furthermore, in many embodiments,
there is often no need for a CPU.

For example, instead of a CPU, one or more FPGAs 608
can control the logical operations of the system. As another
example, FPGA 608 acts as a reconfigurable processor that
can be reprogrammed as needed to handle a particular com-
puting task. Alternatively, FPGA 608 can itself include an
embedded microprocessor. Memory unit 604 can be arandom
access memory (RAM), read only memory (ROM), fixed or
flexible disk media, flash memory, tape, or any other storage
means, or any combination of these storage means.

The foregoing description of the exemplary embodiments
of'the present invention has been presented for the purposes of
illustration and description. The foregoing description is not
intended to be exhaustive or to limit the present invention to
the examples disclosed herein. In some instances, features of
the present invention can be employed without a correspond-
ing use of other features as set forth. Many modifications,
substitutions, and variations are possible in light of the above
teachings, without departing from the scope of the present
invention.
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What is claimed is:

1. A measurement circuit comprising:

delay circuitry coupled to a first signal network; and

a phase detection circuit coupled to the delay circuitry to

compare a first signal to a second signal to generate a
first phase difference when the delay circuitry generates
the second signal based on the first signal,

wherein the phase detection circuit compares the first sig-

nal to the second signal to generate a second phase
difference when the delay circuitry generates the second
signal based on a third signal provided to the first signal
network, and wherein the measurement circuit deter-
mines a delay of the first signal network based on the first
and second phase differences.

2. The measurement circuit of claim 1, wherein a delay that
the delay circuitry provides to the second signal relative to the
first signal when the delay circuitry generates the second
signal based on the first signal is substantially equal to one-
half of a delay that the delay circuitry provides to the second
signal relative to the third signal when the delay circuitry
generates the second signal based on the third signal.

3. The measurement circuit of claim 1, wherein the delay
circuitry comprises a first multiplexer circuit to cause the
delay circuitry to generate the second signal based on the first
signal while the phase detection circuit generates the first
phase difference, and wherein the first multiplexer circuit
causes the delay circuitry to generate the second signal based
on the third signal while the phase detection circuit generates
the second phase difference.

4. The measurement circuit of claim 3, wherein the delay
circuitry comprises a first portion and a second portion,
wherein the first portion of the delay circuitry receives the
first signal, wherein the second portion of the delay circuitry
generates the second signal and receives the third signal,
wherein the second portion of the delay circuitry comprises
the first multiplexer circuit, and wherein the first and second
portions of the delay circuitry have symmetric delays.

5. The measurement circuit of claim 3, wherein the delay
circuitry further comprises a second multiplexer circuit,
wherein the phase detection circuit compares the first signal
to the second signal to generate a third phase difference when
the first and second multiplexer circuits cause the delay cir-
cuitry to generate the second signal based on a fourth signal
provided to a second signal network, and wherein the mea-
surement circuit determines a delay of the second signal
network based on the third phase difference.

6. The measurement circuit of claim 5, wherein the fourth
signal is generated independently of the first signal.

7. The measurement circuit of claim 5, wherein the delay
circuitry further comprises a third multiplexer circuit,
wherein the phase detection circuit compares the first signal
to the second signal to generate a fourth phase difference
when the first, second, and third multiplexer circuits cause the
delay circuitry to generate the second signal based on a fifth
signal provided to a third signal network, and wherein the
measurement circuit determines a delay of the third signal
network based on the fourth phase difference.

8. The measurement circuit of claim 1 further comprising:

a control circuit coupled to the phase detection circuit to

determine a phase of the third signal based on the first
and second phase differences, wherein the control cir-
cuit determines the delay of the first signal network
based on the phase of the third signal.

9. The measurement circuit of claim 1, wherein the third
signal is generated independently of the first signal.
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10. A circuit comprising:

delay circuitry that comprises a first multiplexer circuit;

a phase detection circuit coupled to the delay circuitry to
compare a phase of a first signal to a phase of a second
signal to generate a first phase difference when the first
multiplexer circuit causes the delay circuitry to generate
the second signal based on the first signal, wherein the
phase detection circuit compares a phase of the first
signal to a phase of the second signal to generate a
second phase difference when the first multiplexer cir-
cuit causes the delay circuitry to generate the second
signal based on a third signal; and

a control circuit coupled to the phase detection circuit to
determine a phase of the third signal based on the first
and second phase differences.

11. The circuit of claim 10, wherein the phase detection
circuit receives the first signal at a first node, wherein the
phase detection circuit receives the second signal at a second
node, wherein the delay circuitry receives the third signal at a
third node, and wherein a first delay through the delay cir-
cuitry from the first node to the second node is substantially
equal to two times a second delay through the delay circuitry
from the third node to the second node.

12. The circuit of claim 10, wherein the delay circuitry
further comprises first buffer circuits to generate a fourth
signal based on the first signal, a second multiplexer circuit to
generate a fifth signal based on the fourth signal, and second
buffer circuits to generate the second signal based on a sixth
signal generated by the first multiplexer circuit, wherein the
fifth signal is provided to a first multiplexing input of the first
multiplexer circuit, and wherein the third signal is provided to
a second multiplexing input of the first multiplexer circuit.

13. The circuit of claim 10, wherein the phase detection
circuit generates the first and second phase differences when
the first signal is generated based on the third signal, and
wherein the third signal is generated independently of the first
signal.

14. The circuit of claim 10, wherein the delay circuitry
further comprises a second multiplexer circuit, wherein the
phase detection circuit compares a phase of the first signal to
a phase of the second signal to generate a third phase difter-
ence when the first and second multiplexer circuits cause the
delay circuitry to generate the second signal based on the first
signal,

wherein the phase detection circuit compares a phase of the
first signal to a phase of the second signal to generate a
fourth phase difference when the first and second mul-
tiplexer circuits cause the delay circuitry to generate the
second signal based on a fourth signal, and wherein the
control circuit determines a phase of the fourth signal
based on the third and fourth phase differences.

15. The circuit of claim 14, wherein the delay circuitry
further comprises a third multiplexer circuit, wherein the
phase detection circuit compares a phase of the first signal to
a phase of the second signal to generate a fifth phase difter-
ence when the first, second, and third multiplexer circuits
cause the delay circuitry to generate the second signal based
on the first signal,

wherein the phase detection circuit compares a phase of the
first signal to a phase of the second signal to generate a
sixth phase difference when the first, second, and third
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multiplexer circuits cause the delay circuitry to generate
the second signal based on a fifth signal, and wherein the
control circuit determines a phase of the fifth signal
based on the fifth and sixth phase differences.

16. The circuit of claim 10, wherein the phase detection
circuit compares a phase of the first signal to a phase of the
second signal to generate a third phase difference when the
first multiplexer circuit causes the delay circuitry to generate
the second signal based on a fourth signal, wherein the control
circuit determines a phase of the fourth signal based on the
third phase difference, and wherein the fourth signal is gen-
erated independently of the first signal.

17. A method comprising:

comparing a first signal to a second signal using a phase

detection circuit to generate a first phase difference
when delay circuitry generates the second signal based
on the first signal, wherein the delay circuitry is coupled
to the phase detection circuit;

comparing the first signal to the second signal using the

phase detection circuit to generate a second phase dif-
ference when the delay circuitry generates the second
signal based on a third signal that is provided to a first
signal network; and

determining a delay of the first signal network based on the

first and second phase differences using a control circuit.

18. The method of claim 17 further comprising:

causing the delay circuitry to generate the second signal

based on the first signal using a first multiplexer circuit
in the delay circuitry while the phase detection circuit
generates the first phase difference; and

causing the delay circuitry to generate the second signal

based on the third signal using the first multiplexer cir-
cuit while the phase detection circuit generates the sec-
ond phase difference.
19. The method of claim 18, wherein a delay that the delay
circuitry provides to the second signal relative to the first
signal when the delay circuitry generates the second signal
based on the first signal is substantially equal to one-half of a
delay that the delay circuitry provides to the second signal
relative to the third signal when the delay circuitry generates
the second signal based on the third signal.
20. The method of claim 18 further comprising:
comparing the first signal to the second signal to generate
athird phase difference using the phase detection circuit
when the first multiplexer circuit and a second multi-
plexer circuit in the delay circuitry cause the delay cir-
cuitry to generate the second signal based on a fourth
signal that is provided to a second signal network; and

determining a delay of the second signal network based on
the third phase difference using the control circuit.

21. The method of claim 20 further comprising:

comparing the first signal to the second signal to generate

a fourth phase difference using the phase detection cir-
cuit when the first and second multiplexer circuits and a
third multiplexer circuit in the delay circuitry cause the
delay circuitry to generate the second signal based on a
fifth signal provided to a third signal network; and
determining a delay of the third signal network based on
the fourth phase difference using the control circuit.
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